Background: The purpose of this study was to characterize hepatitis C virus (HCV)-associated differences in the expression of 47 inflammatory factors and to evaluate the potential role of peripheral immune activation in HCVassociated neuropsychiatric symptoms-depression, anxiety, fatigue, and pain. An additional objective was to evaluate the role of immune factor dysregulation in the expression of specific neuropsychiatric symptoms to identify biomarkers that may be relevant to the treatment of these neuropsychiatric symptoms in adults with or without HCV. Methods: Blood samples and neuropsychiatric symptom severity scales were collected from HCV-infected adults (HCV+, n = 39) and demographically similar noninfected controls (HCVÀ, n = 40). Multi-analyte profile analysis was used to evaluate plasma biomarkers. Results: Compared with HCVÀ controls, HCV+ adults reported significantly (P < 0.050) greater depression, anxiety, fatigue, and pain, and they were more likely to present with an increased inflammatory profile as indicated by significantly higher plasma levels of 40% (19/47) of the factors assessed (21%, after correcting for multiple comparisons). Within the HCV+ group, but not within the HCVÀ group, an increased inflammatory profile (indicated by the number of immune factors > the LDC) significantly correlated with depression, anxiety, and pain. Within the total sample, neuropsychiatric symptom severity was significantly predicted by protein signatures consisting of 4-10 plasma immune factors; protein signatures significantly accounted for 19-40% of the variance in depression, anxiety, fatigue, and pain. Conclusions: Overall, the results demonstrate that altered expression of a network of plasma immune factors contributes to neuropsychiatric symptom severity. These findings offer new biomarkers to potentially facilitate pharmacotherapeutic development and to increase our understanding of the molecular pathways associated with neuropsychiatric symptoms in adults with or without HCV.
Introduction
Approximately 2-3% of adults worldwide are chronically infected with the hepatitis C virus (HCV; Lavanchy 2009) . Although the majority of adults with HCV avoid these serious hepatic complications and live a full life span, a growing body of literature demonstrates that, even in the absence of antiviral treatment for HCV-which is well known to cause depression and other neuropsychiatric symptoms (e.g., Loftis and Hauser 2004; Udina et al. 2012 )-many of these individuals suffer from a range of extrahepatic manifestations including chronic neuropsychiatric impairments such as depression, anxiety, fatigue, pain, and cognitive deficits. For example, in one study (n = 8224), 67% of adults with HCV were found to have comorbid chronic pain diagnoses documented in their medical record (Whitehead et al. 2008) . Another study (n = 1614) found that 53% reported general fatigue and 17% reported severe fatigue that was debilitating (Poynard et al. 2002) . In a prospective study of 293 adults with HCV, 95% were found to have a current or past history of at least one psychiatric disorder; the most common of these conditions was depression, with 81% reporting a history of depression, and 35% reporting current depression rating scale scores in the moderate to severe range (Fireman et al. 2005) . Depressive symptoms in particular are important contributors to functional disability and decreased health-related quality of life in patients with HCV (Dwight et al. 2000; Rowan et al. 2005; Dan et al. 2006) , and moderate to severe depressive symptoms are also a common reason for postponing or excluding patients from antiviral therapy (Rowan et al. 2005) . Although anxiety disorders are not as well studied in this population, Golden et al. (2005; n = 90) found that 24% of individuals who were about to initiate antiviral treatment for HCV met criteria for an anxiety disorder within the previous month, 86% of whom were previously undiagnosed. Another study (n = 176) found that 10% of those about to initiate antiviral therapy for HCV met criteria for a lifetime history of an anxiety disorder (Martin-Santos et al. 2008) . Collectively, these findings suggest that HCV is associated with a constellation or syndrome of neuropsychiatric impairments which may, therefore, stem from a common etiology (e.g., chronic immune activation on brain function). Indeed, immune activation, rather than an epiphenomenon, is now considered to be a causal risk factor for the development of depression in some individuals (Wichers et al. 2006) .
Although transient activation of the immune system and related sickness behaviors (e.g., decreased motility, increased fatigue and sleep, reduced appetite, increased sensitivity to pain, decreased motivation or interest, decreased sexual activity, hyperthermia; Dantzer and Kelley 2007) may be adaptive in the context of acute infection, it is thought that chronic dysregulation of these immune factors, such as in the context of cytokine treatments for HCV or cancer (i.e., interferon-based therapies), may contribute to the development of long-term neuropsychiatric disorders and symptoms (McAfoose and Baune 2009; Loftis et al. 2010; Capuron and Miller 2011) . Similarly, elevations of proinflammatory cytokines (e.g., interleukin [IL]-1, IL-6, tumor necrosis factor [TNF] ) and chemokines (e.g., RANTES [regulated upon activation, normal T-cell expressed, and secreted]) are evidenced in patients diagnosed with a range of chronic neuropsychiatric disorders including depression (Maes et al. 1995; Levine et al. 1999; Owen et al. 2001; Hestad et al. 2003; Loftis et al. 2008; Howren et al. 2009; Leonard and Maes 2012) , anxiety (Hoge et al. 2009; Hou and Baldwin 2012) , chronic fatigue syndrome (Arnett and Clark 2012) , cancer-related fatigue and cognitive impairment (Meyers et al. 2005) , pain disorders (Slade et al. 2011; Alexander et al. 2012) , and age-related cognitive decline and dementia (Yaffe et al. 2004; Britschgi and Wyss-Coray 2009; Marksteiner et al. 2011; Corona et al. 2012) . Collectively, these studies highlight the impact that immune activation and immune factor dysregulation (both peripherally and centrally) can have on central nervous system (CNS) function.
Emerging evidence suggests that the HCV itself may directly contribute to increased immune activation and proinflammatory cytokine expression in the CNS. Hepatitis C viral sequences and proteins have been found in brain macrophage/microglia cells, and activation of these brain cells in HCV+ patients is associated with higher expression of messenger ribonucleic acid (mRNA) transcripts for key immune activation cytokines (e.g., IL-1 and TNF-a) than in HCVÀ control patients (Wilkinson et al. 2010) . When analyzing a small panel of one or several blood immune factors, previous studies have revealed significantly increased levels of specific blood immune factor levels, including IL-6, IL-18, IL-10, IL-4, TNF-a, and RANTES, in untreated HCV+ adults compared with uninfected (HCVÀ) controls (Abayli et al. 2003; Vecchiet et al. 2005; Falasca et al. 2006; Grungreiff et al. 2009; Tawadrous et al. 2012) . Moreover, in two small studies, peripheral immune factor levels were shown to be significantly associated with neuropsychiatric impairments in untreated HCV+ adults. Hilsabeck et al. (2010) examined serum levels of IFN-a, IL-6, and TNF-a in relation to cognition; in HCV+ adults with detectable IFN-a levels (n = 17), higher IL-6 levels correlated with worse visual memory and sustained visual attention, and higher TNFa levels correlated with worse visual memory and visual perception. Loftis et al. (2008) examined plasma levels of IL-1b, TNF-a, and IL-10 in relation to depression and found that, in untreated HCV+ adults (n = 16), elevations in IL-1b and TNF-a correlated with more severe depressive symptoms. Both studies, however, were limited by small sample sizes and investigated only a few immune factors. It was recently reported that studies like these "highlight the need to develop a biomarker panel for depression that aims to profile diverse peripheral factors that together provide a biological signature of MDD (major depressive disorder) subtypes as well as treatment response" (Schmidt et al. 2011) . Therefore, replication is required with a larger array of immune factors. Because the expression levels of cytokines and chemokines (inflammatory markers) are heterogeneous, it is not likely that a single cytokine or inflammatory marker will differentiate between individuals with or without depressive symptoms, for example. Rather, the person's composite "profile" or protein "signature" may serve to successfully identify biomarkers of depression and other neuropsychiatric impairments.
The primary objective of this study was to characterize HCV-associated differences in the expression of a large array of peripheral immune proteins using multi-analyte profile (MAP) analysis of 47 plasma immune factors (see Table 1 for a list of factors), and to evaluate the potential role of peripheral immune activation in HCV-associated neuropsychiatric impairments-depression, anxiety, fatigue, and pain. Because of the high rates of comorbid psychiatric disorders among individuals with HCV (Nelligan et al. 2008) , the neuropsychiatric effects of HCV are of particular concern. Given that cytokines and chemokines can influence neurotransmitter systems and contribute to behavioral changes, increasingly, immune factors are also thought to play a role in the development of neuropsychiatric symptoms-even in individuals without preexisting immune compromise (e.g., Maes et al. 2011; Salim et al. 2012; Anderson et al. 2013) . Thus, an additional objective was to use MAP analysis to evaluate the effects of immune factor dysregulation on neuropsychiatric function in order to identify novel biomarkers that might be relevant to the discovery and development of new treatments for neuropsychiatric symptoms in adults with or without HCV. To our knowledge, this study is among the first to apply MAP analysis of a large array of immune factors to evaluate the association between altered plasma immune factor expression and the severity of depression, anxiety, fatigue, and pain symptoms.
Method Participants
A total of 79 adults were recruited from the Portland, Oregon area and assigned to one of two groups: (1) adults with chronic HCV (HCV+, n = 39), as indicated by a detectable HCV viral load based on polymerase chain reaction (PCR) tests, and (2) adults with no reported history of HCV and a currently negative HCV antibody test (HCVÀ, n = 40). Participants in the HCV+ group were recruited from one of several area hepatology clinics through referral by the hepatologist, study advertisements posted in the hepatology clinic, announcements at the clinics' HCV education classes, or mailings to patients who had previously participated in HCV research. HCVÀ controls were recruited via study advertisements posted in the hospitals that housed the hepatology clinics, through word of mouth via providers in those facilities, or through study advertisements posted in local newspapers and websites. Participants were excluded if they met any of the following criteria: (1) History of antiviral therapy or chemotherapy for any purpose. (2) History of a major medical condition, or currently unstable medical condition, that was likely to be associated with severe neurological, cognitive, or immune dysfunction at the time of enrollment (e.g., stroke, seizures, brain tumors, Parkinson's disease, neurodegenerative dementia, mental retardation, hepatic encephalopathy, human immunodeficiency virus [HIV] ). In the interest of generalizability to typical HCV+ populations, participants with common well-controlled or stable conditions were included as long as severe cognitive or immunological effects were not suspected at the time of enrollment (e.g., well-controlled diabetes, hypertension, or asthma). (3) History of traumatic brain injury with known loss of consciousness ≥30 min. (4) Use of alcohol, illicit substances, or medications with acute cognitive effects such as sedation or intoxication (e.g., benzodiazepines, opiates, muscle relaxants, psychostimulants) on the day of testing, or chronic use of medications associated with long-term cognitive or immune effects (e.g., topiramate, remicade, anticholinergics, steroids To ensure accuracy, all neuropsychiatric measures were scored and then re-scored by separate study personnel. All study data were entered into a database initially and then double-checked by separate study personnel prior to analyses. Clinical interviews were conducted using a structured case report form, developed specifically for this study, including prompts to screen patients based on each inclusion criteria, gather relevant demographic data, assess for a full range of current and past Axis I psychiatric and substance use disorders using DSM-IV (American Psychiatric Association 2000) criteria and the MINI (Sheehan et al. 1998) , evaluate for history of head injuries, and record a comprehensive list of current and previous medical conditions and medications. Study personnel additionally reviewed each participant's complete electronic medical record if treated at PVAMC, or the medical records forwarded by a treating hepatologist or primary care provider if treated elsewhere to cross validate the Percentage of adults within each group with levels ≥ LDC are reported. For regression modeling, analytes detected in 5% or fewer of samples were excluded from analyses. These excluded analytes are shown in italics.
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The percentages of immune factors ≥ LDC were compared across groups with tests of two proportions, and the z and P-values are reported.
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Between-group comparisons of plasma immune factor levels were computed with Mann-Whitney U-tests, and the medians and interquartile ranges (IQRs) within each group are reported. *P ≤ 0.050; **P ≤ 0.010; ***P ≤ 0.001. Shading denotes immune factors that remained significantly different between groups following a Bonferroni correction for multiple comparisons, ***P ≤ 0.001.
psychiatric, substance use, and medical history gathered in the clinical interview.
Questionnaires

Depression
Beck Depression Inventory, Second Edition (BDI-II; Beck 1996) . A well-validated 21-item measure of depression severity. As previously described , we conducted a factor analysis of BDI-II data from a large sample of 671 HCV+ patients which yielded a two-factor model and showed that HCV+ adults scored significantly higher on the Somatic Factor (i.e., loss of energy, changes in sleeping pattern, irritability, changes in appetite, concentration difficulty, tiredness or fatigue, loss of interest in sex) than the Cognitive Affective Factor (i.e., sadness, pessimism, past failure, guilty feelings, punishment feelings, self-dislike, self-criticalness, suicidal thoughts, crying, agitation, worthlessness). Thus, for this study, the total BDI-II scores (Depression-Total) as well as the two BDI-II factors scores [Depression-Cognitive Affective Factor and Depression-Somatic Factor, derived according to the previously published methods ] are reported and analyzed.
Anxiety
Generalized Anxiety Disorder Inventory (GADI; Argyropoulos et al. 2007) . A well-validated 18-item measure of anxiety severity.
Fatigue
Fatigue Severity Scale (FSS; Krupp et al. 1989; Kleinman et al. 2000; Ferentinos et al. 2011) . A nine-item fatigue scale, previously validated for use with patients with HCV, multiple sclerosis, and other chronic illnesses.
Pain
Brief Pain Inventory, Short Form (BPI; Cleeland and Ryan 1994; Keller et al. 2004; Tan et al. 2004 Samples were sent frozen in a single batch to Myriad Rules Based Medicine, Inc. where they were thawed for assay without additional freeze-thaw cycles. Table 1 defines each factor's abbreviation, unit of measurement, and the assay's sensitivity in terms of the least detectable concentration (LDC) (mean AE 3 standard deviations of 20 blank readings) as provided by Myriad Rules Based Medicine, Inc., and the percentage within each group with levels ≥ the LDC. For data reported above the LDC, the interassay variability was <10% for all analytes measured.
Statistical analyses
All data analyses were conducted with SPSS, Version 17.0 (IBM Corporation, Armonk, NY) and JMP, Version 10.0 (SAS, Cary, NC). Significant P-values were ≤0.05 and P-values ≤ 0.10 were considered trends. Between-group analyses of age, education, and estimated cognitive reserve were conducted using t-tests; other demographic and clinical characteristics were categorical, so chi-square tests were used, or Fisher exact tests if cells had low frequencies (<5; Table 2 ). Mann-Whitney U-tests were used for between-group comparisons of neuropsychiatric symptom severity (Depression-Total, Depression-Cognitive Affective Factor, Depression-Somatic Factor, Anxiety, Fatigue, Pain Severity, and Pain Interference) because questionnaire scores (except Anxiety) were not normally distributed ( Table 2 ). Note that in Table 2 Mann-Whitney U-tests were conducted on the medians. The percentages of immune factors ≥ the LDC were compared across groups with tests of two proportions, and the z and P-values are reported (Table 1) . Between-group comparisons of plasma immune factor levels were computed with MannWhitney U-tests because distributions were not normal (transformations did not normalize the data), and the medians and interquartile ranges are reported (Table 1 ).
Spearman's rank correlations were used to assess the relationship between neuropsychiatric symptom severity and the number of immune factors that were ≥ the LDC, within the total sample and by group (Table 3) . On the basis of reports in the literature (e.g., Hilsabeck et al. 2010 ) and on Myriad Rules Based Medicine, Inc.'s customized platform used for the analyses (i.e., Human InflammationMAP â v. 1.0), an increased inflammatory profile was defined as a greater number of factors ≥ the LDC. Data expressed as n, with (%) in terms of n over total N unless otherwise stated. P-values reflect comparisons between the HCV+ group versus the HCVÀ control group. Chi-square was used for noncontinuous variables, or Fisher exact tests if expected cell counts were <5. Regression models were developed in order to find which combination of immune factors was significantly related to neuropsychiatric symptom severity on each of the seven neuropsychiatric variables within the total sample. Some variables had values that were undetectable. For the purpose of the analysis, these undetectable values were replaced with zeros. These undetectable values should not be confused with the LDC values used for Tables 1  through 3 . Models were constructed with a backward selection linear regression of 33 immune factors (14 factors were invariant and detectable in 5% or less of the samples and were eliminated from analyses; Table 1 ). The backward selection started with the 33 immune factors and systematically eliminated from the model variables that were not significant (P-value threshold for entry P > 0.25, P-value threshold for elimination P > 0.10). On the basis of the final solution of the backward regression, a two-step model for each dependent variable (DV) was constructed (Table 4a-g); fit parameters are presented as well as the unstandardized regression weights (b), t values and P-values for each immune factor. In these models, the first step consisted of regressing the DV onto HCV status (coded 0 for the HCVÀ control group, and 1 for the HCV+ group). In the second step, the significant immune factors from the backward selection were entered simultaneously with HCV status to create the final model. Examination of histograms, skewness, and kurtosis values showed that the DVs in these models (except GADI) were not normal distributions. Linear regression is quite robust to deviations from normality for DVs. The impact of the nonnormality of the DVs was assessed by a plot of the predicted standardized residuals by the observed standardized residuals (P-P Plot). In all seven models, these plots showed no significant deviations from normally distributed error patterns, indicating that the nonnormality of the DV's had little to no bias on the model results. Bonferroni corrections for multiple comparisons were applied to the between-group comparisons and regression model analyses, as appropriate.
Results
Demographic data, clinical characteristics, and neuropsychiatric function
Within the HCV+ group of participants, 66.7% (n = 26) reported contracting HCV through intravenous drug use, 7.7% (n = 3) through tattoos, 5.1% (n = 2) through accidental work exposures, 2.6% (n = 1) through blood transfusions, and 17.9% (n = 7) through unknown or other unspecified causes. HCV disease characteristics for the HCV+ group are as follows (reported as mean values AE standard deviation): HCV RNA (log10 IU/ mL) = 5.9 AE 0.9, serum aspartate aminotransferase levels (AST) = 55.7 AE 41.8, alanine aminotransferase levels (ALT) = 78.3 AE 54.9, and platelet levels = 221. Spearman's rank correlations were used to assess the relationship between neuropsychiatric symptom severity and the number of immune factors that were ≥ LDC, within the total sample and by study group. Correlations are reported with P-values in parentheses.
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The LDC is defined as the mean AE 3 standard deviations of 20 blank readings as provided by Myriad Rules Based Medicine. *P < 0.100; **P < 0.050; ***P < 0.010. adults with currently severe or unstable medical conditions were excluded from participation, HCV+ adults were more likely than controls to have a history of any medical condition other than HCV, and a history of hypertension or asthma in particular. Although adults with psychotic disorders or currently severe or unstable psychiatric disorders were excluded from participation, HCV+ adults were more likely than controls to have any current psychiatric diagnosis (major depressive disorder, PTSD, or other anxiety disorders). Table 2 shows that HCV+ adults also reported significantly greater neuropsychiatric symptom severity on measures of depression (Depression-Total and DepressionCognitive Affective Factor), anxiety, fatigue, and pain (Pain Interference) than controls.
Between-group comparisons of plasma immune factors ) remained significantly different between groups using a Bonferroni cutoff of P = 0.001 (i.e., 0.05/ 47 between-group comparisons). Relative to HCVÀ controls, HCV+ adults had a significantly higher percentage of individuals with plasma immune factor levels ≥ the LDC for three of the immune factors (i.e., IL-10, MIP-1a, TNF-a); these differences did not remain significant after a Bonferroni correction with a cutoff of P = 0.001.
Immune factor correlates of neuropsychiatric symptom severity Table 3 summarizes correlations between the number of plasma immune factors ≥ the LDC and neuropsychiatric symptom severity within the total sample and each study group. Within the total sample, an increased inflammatory profile, as indicated by higher numbers of immune factors ≥ the LDC, significantly correlated with Anxiety and Pain Interference, and it trended toward significance for Depression-Somatic Factor. The correlations with Depression-Somatic Factor, Anxiety, and Pain Interference were significant in the HCV+ group alone, but not in the HCVÀ control group alone. In order to evaluate the possibility that an increased inflammatory profile was a proxy for common HCV disease severity markers, we conducted post hoc correlations (Spearman's rank) within the HCV+ group between Regression models were developed in order to find which combination of plasma immune factors was significantly predictive of neuropsychiatric symptom severity on each of the seven neuropsychiatric variables within the total sample. Models were constructed with a backward selection linear regression of 33 immune factors. The backward selection started with the 33 immune factors and systematically eliminated from the model variables that were not significant, retaining only those with P-values (P ≤ 0.10). HCV Status was not allowed to be eliminated. Based on the final solution of the backward regression, a two-step model for each neuropsychiatric variable (DV) was constructed and these are presented above; fit parameters are presented as well as the unstandardized regression weights (b), t values and P-values for each immune factor. In these models, the first step consisted of regressing the DV onto HCV status (coded 0 for the HCVÀ control HCV Status, and 1 for the HCV+ HCV Status). In the second step, the significant immune factors from the backward selection were entered simultaneously with HCV status to create the final model. See Table 1 number of immune factors ≥ the LDC and HCV viral load (HCV RNA), AST levels, and ALT levels; none of these HCV disease severity markers significantly correlated with number of immune factors ≥ the LDC (data not shown), suggesting that the inflammatory profile was independent from other HCV disease severity markers. In Table 4 , each of the regression models had a single Type I error rate for the predictors that was determined by the omnibus test of the model fit, limiting the risk of Type I error due to multiple comparisons. Fourteen regression models (i.e., seven DVs each with two tests run, one model with HCV status entered as a predictor on its own, and a second model with HCV status and the immune factors entered as predictors together) were calculated. A Bonferroni correction with a cutoff of P = 0.0035 (i.e., 0.05/14 tests) determined if the models were significant after a correction. Thus, the P-value for the omnibus model must be below this cutoff for models to be significant; individual variable P-values are considered significant if <0.05 as long as the model is significant. For the models with only HCV Status entered, only the FSS was significant. For the models with multiple analytes entered, the significant models were for Depression Total, Depression-Cognitive Affective, DepressionSomatic, Anxiety, and Fatigue. The two pain scales had P-values above this threshold. Results from these models are interpreted cautiously.
Ignoring the correction briefly, as summarized in Table 4 , and consistent with the group comparisons in Table 2 , HCV status was a significant predictor of increased Depression-Total, Depression-Somatic Factor, Anxiety, Fatigue, and Pain Interference in regression analyses with HCV status entered as the only independent variable. Depression-Cognitive Affective and Pain Severity were not significant in either Tables 2 or 4 . Therefore, HCV status was entered as an independent variable along with the 33 detectable immune factors in subsequent regression analyses. In the final regression models (Table 4) , HCV status was a significant predictor of the severity of Depression-Total, Depression-Cognitive Affective Factor, Depression-Somatic Factor, and Anxiety. All of the final regression models accounted for a larger percentage of the variance in each neuropsychiatric variable than HCV status alone. The final regression models yielded protein signatures of 4-10 plasma immune factors that significantly predicted the severity of each neuropsychiatric variable. The protein signatures accounted for 36% of the variance in Depression-Total (seven factors), 40% in Depression-Cognitive Affective Factor (10 factors), 31% in Depression-Somatic Factor (eight factors), 25% in Anxiety (four factors), and 34% in Fatigue (seven factors). Results were interpreted cautiously because models were significant, but not at the corrected level for Pain Severity (19%; four factors) and Pain Interference (20%; four factors).
Because of extant group differences in rates of hypertension, asthma, and current tobacco use (Table 2) , we evaluated whether HCV was a proxy that would account for differences in our models (Sluzewska et al. 1995; Maes et al. 1999 Maes et al. , 2009 Kubera et al. 2001; O'Brien et al. 2007 ). To do this, we conducted linear regression analyses to evaluate these variables as potential covariates in our models. When each of these variables was entered as sole predictors of neuropsychiatric symptom severity in regression models, they were each significant (data not shown); however, when entered into the models as predictors along with HCV disease status, none of these variables remained significant (data not shown). Moreover, entering these variables along with HCV status and the immune factors into the regression models did not alter the final models (i.e., all immune factors found to be significant previously, remained significant). In short, these variables appeared to be weak proxies for HCV status within the regression models and were not deemed significant covariates. Inclusion of HCV status in Table 4 accounts fully for these differences.
Exploratory analyses
Although alcohol or drug dependence within the past year (except nicotine or caffeine) was an exclusionary criterion for this study, it is possible that a remote history of substance dependence may be associated with more persistent effects on neuropsychiatric symptoms and immune factor expression (e.g., Wang et al. 2004; Sekine et al. 2008; Potter et al. 2013 ) and may therefore affect the composition of the multi-analyte regression models. Based on a chisquare test, a significantly (P < 0.001) greater percentage of adults in the HCV+ group (76.9%) met DSM-IV criteria, based on the MINI, for a lifetime history of dependence on alcohol or other drugs compared with the HCVÀ group (35.0%). The history of substance dependence was notably remote for both groups; there were no significant differences across groups in terms of mean length of remission from all substances (HCV+ = 7.7 years; HCVÀ = 8.8 years; P = 0.649). The percentage of adults within each group who met DSM-IV criteria for lifetime dependence, based on the MINI, for specific substances are as follows: alcohol (HCV+ = 51.3%; HCVÀ = 27.5%; P = 0.030), stimulants (HCV+ = 56.4%; HCVÀ = 25.0%; P = 0.004), marijuana (HCV+ = 28.2%; HCVÀ = 10.0%; P = 0.039), opiates (HCV+ = 38.5%; HCVÀ = 2.5%; P < 0.001), and other drugs (HCV+ = 10.3%; HCVÀ = 2.5%; P = 0.201); note that these groups are not mutually exclusive because many participants had a lifetime history of polysubstance dependence (HCV+ = 64.1%; HCVÀ = 22.5%; P < 0.001). History of intravenous drug use was not recorded, except in the HCV+ group if that was how HCV was reportedly contracted. Exploratory analyses to evaluate the impact of any substance dependence history on neuropsychiatric symptom immune factor profiles generally yielded regression models that were similar to the models shown in Table 4 (see Table S1 ). In this analysis, the first models added HCV status and an indicator from the MINI of any alcohol or drug dependence diagnosis. For the last section, these variables were entered with 33 immune factors and were locked to elimination in the backwards regression selection. The final models were simultaneous regressions with the remaining variables entered. Noteworthy differences between Tables 4 and S1 include: (1) the addition of B2M to models describing the cognitiveaffective depression factor, somatic depression factor, and anxiety factor, (2) the addition of TNFR2 to the somatic depression factor, (3) the addition of IL23 to the anxiety factor, and (4) the removal of TNF-a from the pain interference factor.
Discussion
Overall, results indicate that, compared with noninfected and demographically similar HCVÀ controls, treatment na€ ıve HCV+ adults present with increased neuropsychiatric symptoms including aspects of depression (somatic symptoms), anxiety, fatigue, and pain (pain interference). Similar to previous studies, our data (Table 1) indicate that, compared to adults without HCV, adults with HCV have higher plasma levels of a-2-macroglobulin (A2Macro; Ho et al. 2010 ), b-2-microglobulin (B2M; Malaguarnera et al. 2000; ŁApi nski et al. 2002) , ICAM-1 (El-Gohary et al. 2004; Helaly and Abou Shamaa 2006) , IL-8 (Zimmermann et al. 2011; Sousa et al. 2012; Warshow et al. 2012) , IL-18 (Sharma et al. 2009; Wilkinson et al. 2010; Akcam et al. 2012) , MIP-1a (Larrubia et al. 2008; Florholmen et al. 2011) , tissue inhibitor of metalloproteinases (TIMP)-1 (Leroy et al. 2004 ), TNFR2 (Pawlak et al. 2010) , vascular cell adhesion molecule-1 (VCAM-1; Bruno et al. 2005; Pawlak et al. 2010) , and vWF (Pawlak et al. 2010) ; these group differences remained significant following a Bonferroni correction for multiple comparisons across an array of 47 immune factors, highlighting the robustness of these findings. Moreover, HCV+ adults are more likely than controls to have an increased inflammatory profile. Within the HCV+ group, but not within the HCVÀ group, number of inflammatory factors with levels ≥ the LDC significantly correlated with several neuropsychiatric symptoms, showing that an HCV-associated increased inflammatory profile is associated with increased neuropsychiatric symptom severity, specifically aspects of depression (somatic symptoms), anxiety, and pain (pain interference).
Results additionally suggest that differences in expression of the network of peripheral immune proteins significantly impact neuropsychiatric function in adults, regardless of HCV status. Neuropsychiatric symptom severity was significantly predicted by specific protein signatures, consisting of 4-10 plasma immune factors depending on the neuropsychiatric variable, after controlling for HCV status. Each panel of significant immune factors accounted for 19-40% of the variance in depression, anxiety, fatigue, and pain. These analyses reveal potential disease signatures and individually significant immune factors worthy of further investigation through confirmatory studies (e.g., as treatment targets).
A major goal of this study was to identify novel biomarkers that might be relevant to the discovery and development of new treatments for neuropsychiatric symptoms. Five proteins were related to more than one neuropsychiatric variable and are of interest for future study-BDNF, IL-23, RANTES, TNF-a, and TNFR2 (Fig. 1) . Because these five biomarkers may be most relevant to neuropsychiatric symptoms, and because it is beyond the scope and length of this article to discuss each of the significant immune factors identified in our regression analyses, the following discussion is focused on these five factors, all of which have both immunoregulatory as well as neuromodulatory functions.
BDNF
Alterations in neurogenesis and neuronal plasticity are observed in a number of CNS disorders that contain inflammatory processes. BDNF (a member of the neurotrophic factor family) is implicated as a key mediator of this plasticity, and inflammatory cytokines (e.g., IL-1b) can decrease BDNF signaling (Tong et al. 2008; Cortese et al. 2011) . Regulation of BDNF expression and function contributes, in part, to the pathophysiology and treatment of depression (Chen et al. 2001; Sen et al. 2008) . Both the Val66Met BDNF polymorphism (rs6265) and BDNF levels have been associated with depression (Egan et al. 2003; Hashimoto 2010) . BDNF levels also correlate with treatment outcomes, and may, therefore, be a useful biomarker for prognosis (Kurita et al. 2012) . Importantly, for patients with HCV, BDNF levels appear to influence resiliency against developing depression during interferona-based therapies (Lotrich et al. 2012) .
IL-23
IL-23 is an important mediator of the inflammatory response against infection. In conjunction with IL-6 and transforming growth factor (TGF)-b 1, IL-23 stimulates naive CD4+ T cells to differentiate into Th17 cells (T-cell subsets that produce IL-17, a proinflammatory cytokine that can stimulate the production of other proinflammatory factors, such as IL-1, IL-6, and TNF-a; Kikly et al. 2006; Langowski et al. 2006) . Although little is known about its role in brain and effect on neuropsychiatric function, inhibition of the IL-12/IL-23 pathway reduces microglia activation and improves cognitive function and related pathology in an Alzheimer's disease mouse model (Vom Berg et al. 2012) . Similarly, knockout mice deficient in either IL-23 subunits p40 or p19, or in either subunit of the IL-23 receptor (IL-23R and IL12R-b1) develop less severe symptoms of multiple sclerosis and inflammatory bowel disease (Gran et al. 2004; Yen et al. 2006) . Consistent with these observations, we found that increased plasma IL-23 concentrations were associated with increased depression severity ratings (Table 4 ; Fig. 1) ; however, more research is needed to investigate the role of IL-23 signaling in CNS inflammatory diseases, including depression.
RANTES
Regulated upon Activation, Normal T-cell Expressed, and Secreted (a.k.a. chemokine [C-C motif] ligand 5 [CCL5]) is a potent chemoattractant for T lymphocytes and mononuclear phagocytes and plays an active role in recruiting leukocytes into inflammatory sites (Schall and Bacon 1994) . Tawadrous et al. (2012) found significant increases in the levels of RANTES (as well as TNF-a and other inflammatory factors) in patients with HCV compared to patients without HCV. Furthermore, in this study RAN-TES levels showed a significant positive correlation with HCV RNA viral loads; however, mood and other neuropsychiatric symptoms were not assessed. In other clinical studies, RANTES is included among the biomarkers associated with Alzheimer's disease, mild cognitive impairment (Marksteiner et al. 2011) , and hostility (Mommersteeg et al. 2008) . Although a direct association between RANTES and depression has yet to be established, Mommersteeg et al. (2008) found that early-life trauma and depression were positively and independently related to hostility.
TNF-a and TNFR2
Tumor necrosis factor-a is a proinflammatory cytokine [recently described as a neuroactive cytokine (Jones and Thomsen 2013) ] that is released following immune challenges, stimulating the release of additional immune factors. TNF-a has been linked with neuropsychiatric symptoms, particularly depression in a number of studies (e.g., Himmerich et al. 2008; Dowlati et al. 2010; Duivis et al. 2013; Loftis et al. 2013a ). Blockade of TNF-a is being evaluated both preclinically and clinically as a possible treatment for depression, and levels of TNF-a may also help predict antidepressant treatment response (Rethorst et al. 2013; Krügel et al. 2013; Raison et al. 2013) .
Tumor necrosis factor-a binds to one of two receptors, TNFR1 and TNFR2 (Schafers et al. 2008) . Elevated blood levels of TNFR2 are found in patients with major depressive disorder compared with nondepressed controls (Grassi-Oliveira et al. 2009; Diniz et al. 2010) , and TNFR2 levels correlate with depression severity in depressed patients (Grassi-Oliveira et al. 2009 ). Compared with wild-type mice, TNFR1-and TNFR2-deficient mice evidence reduced depression-like (Simen et al. 2006) and anxiety-like (Patel et al. 2010) behaviors, providing additional support for the putative link between depression and anxiety disorders and inflammation (Miller et al. 2013 ; Fig. 1 ). Although TNFR2 was not significantly predictive of pain in this study, TNFR1-and TNFR2-deficient mice have been shown to exhibit reduced pain responses (Vogel et al. 2006) . TNF-a is believed to sensitize primary afferent nerves and to therefore increase pain responses to additional stimuli through TNFR1 and TNFR2 signaling (Schafers et al. 2008 ). Our results indicate that it may be of interest to evaluate whether, in the context of chronic HCV, TNF-a and TNFR2 signaling could similarly contribute toward the sensitization of neurons in a manner that enhances other neuropsychiatric symptoms (e.g., depression, anxiety, and fatigue). The identification of disease-specific combinations (i.e., signatures) of blood proteins may lead to recognition of specific risk patterns relevant to patient outcomes, tools for tracking treatment progress, or the identification of potential treatment targets or strategies; indeed, through analysis of large arrays, unique protein signatures have been associated with markers of a wide range of conditions including cancer (Lee et al. 2009; Chen et al. 2010 (Slade et al. 2011; Alexander et al. 2012) , and psychiatric disorders, including depression (Simon et al. 2008; Domenici et al. 2010; Arnold et al. 2012) . Similarly, the results from this study strongly demonstrate the degree to which immune cell signaling proteins influence neuropsychiatric function in adults with and without HCV, and they suggest that efforts to develop and investigate novel immunotherapies as treatments for neuropsychiatric symptoms are warranted. As described above, our results show that BDNF, IL-23, RANTES, TNF-a, and TNFR2 may be of particular relevance to HCV-associated neuropsychiatric symptoms. Like many signaling proteins, these factors have dual roles as immunoregulators and neuromodulators, with the potential to both enhance inflammatory responses as well as adversely impact neuronal functions (e.g., target neurons for cell death, alter synaptic plasticity, hamper neuronal repair, enhance sensitivity to pain or other stimuli) when upregulated. Thus, immunotherapies that are designed to simultaneously "normalize" immunoregulation and neuromodulation may be particularly effective in treating neuropsychiatric symptoms, especially in individuals with chronic inflammatory conditions or infections such as HCV.
Consistent with this approach, neurotransmitter-based antidepressants appear to have at least indirect antiinflammatory effects and may partially reverse derangements in relevant inflammatory factors (Maes et al. 2009 ). Fluoxetine treatment for depression reduces serum IL-6 in patients (Sluzewska et al. 1995) , and imipramine, clomipramine, venlafaxine, fluoxetine, sertraline, and trazodone have been shown to reduce the IFN-gamma/IL-10 ratio of human blood samples (a ratio of proinflammatory/anti-inflammatory drive), consistent with an antiinflammatory effect (Sluzewska et al. 1995; Maes et al. 1999; Kubera et al. 2001 ). In addition, nonresponders to selective serotonin reuptake inhibitor medication continue to exhibit elevated IL-6 levels, raising the possibility that response to treatment is linked to a reduction in IL-6 (O'Brien et al. 2007 ). Thus, immunotherapies that more directly target immune cell signaling may prove efficacious as primary or adjunct treatments for neuropsychiatric disorders. Clinical trials have already demonstrated the antidepressant benefits of three immunotherapies, etanercept (TNF-a antagonist used to treat a range of autoimmune conditions including psoriasis and arthritis), infliximab (monoclonal antibody against TNF-a also used for the treatment of autoimmune diseases), and celecoxib (cyclooxygenase-2 inhibitor used to treat pain and arthritis; Muller et al. 2006; Tyring et al. 2006; Raison et al. 2013) . Additional immunotherapies for the treatment of neuropsychiatric disorders are currently under investigation by our lab and others (e.g., Loftis et al. 2013b ).
Strengths and Limitations
This study includes both strengths and limitations. Current substance abuse was evaluated using self-report measures (rather than drug testing). Although self-reports were cross-validated by study personnel who reviewed each participant's medical record to assess substance use history and current use patterns, it is possible that some participants may have had ongoing substance abuse. Prior use of injectable drugs may have contributed to the altered expression of immune factors in adults with HCV (or without HCV). Some studies show that injection drug use-currently, the most common way to become infected with HCV-is also associated with increased levels of proinflammatory cytokines (e.g., Graham et al. 2007) . Given that history of intravenous drug use was not recorded in this study (except in the HCV+ group if that was how HCV was reportedly contracted), we are not able to determine whether a remote history of injection drug use impacted the inflammatory profiles. Furthermore, a cross-sectional study design does not allow for definitive conclusions on causality, and regression analyses are considered exploratory in nature. The models we used were constructed with backward regression for the purpose of finding an optimal set of models that significantly predict neuropsychiatric symptom severity. Such an approach does carry with it a risk of developing models that are data set specific. Therefore, future research is necessary to cross-validate the protein signatures in additional samples. Protein signatures need to be evaluated with reference to population norms in nationally representative samples prior to clinical application (e.g., for diagnostic purposes or to track symptom severity or treatment progress), as Luminex-based platforms can vary in their ability to measure serum and/or plasma concentrations of cytokines. However, these multiplex assays generally detect similar patterns of cytokine alterations and may be useful for studies in which relative, rather than absolute, changes in cytokines are of interest (Breen et al. 2011 ).
Conclusions and Clinical Implications
Despite limitations, through MAP analysis of 47 plasma immune factors, this study demonstrates that adults with HCV evidence increased peripheral immune activation and increased expression of immune-related proteins that are associated with a constellation of neuropsychiatric symptoms. Moreover, results suggest that altered expression of a network of plasma immune factors contributes to neuropsychiatric symptom severity (i.e., depression, anxiety, fatigue, pain) in adults with and without HCV. This study identifies several immune factors, including BDNF, IL-23, RANTES, TNF-a, and TNFR2 that may be particularly relevant to neuropsychiatric symptoms and which regulate both immune and neuronal functions.
